Introduction
Boosting agricultural production in the face of a growing population is one of the major challenges facing Sub-Saharan Africa (SSA) at the start of the 21st century. However, to date few empirical studies attempt to estimate the extent to which population density affects agricultural intensification and household wellbeing. This is a critical issue because current population estimates in SSA stand at 856 million people, and the United Nations projects that the region's population could increase to 2 billion by 2050 under their medium growth scenario (United Nations, 2011; Bremner, 2012) . While cereal yields increased by 1.8% per year on average across the continent between 2000 and 2010 (FAOSTAT, 2012 , in most SSA countries population growth averages above 2% per year, and tops 3% per year in a number of countries (World Bank, 2013) . The disparity between yield increases and population growth raises doubt about how millions of smallholder farm households will feed themselves, and how the food system in SSA can generate enough surplus to feed the non-agricultural population. This is particularly the case as the amount of additional arable land that can be brought into cultivation continues to decline and is already non-existent in some areas.
It is against this background that this study was conducted using household-level panel data from Malawi with the objective to estimate how rural population density affects both agricultural intensification, and household well-being. Other important studies have discussed agricultural intensification in SSA in the context of rising population density (Boserup, 1965; Binswanger and McIntire, 1987; Pingali and Binswanger, 1988; Pender, 1998; Pender et al., 2006) . In particular, Pender et al. (2006) use household-level panel data for Ethiopia, Kenya, and Uganda to compare how agricultural intensification and well-being are affected along the gradient of agricultural potential, market access and population density.
In this article, we define agricultural intensification at the household-level in terms of input usage and productivity. Specifically, we estimate (1) demand for inorganic fertilizer per hectare of land cultivated, (2) maize yield, and (3) gross value of crop output per hectare of land cultivated. Well-being is measured as (1) off-farm income per adult equivalent, (2) total household income per adult equivalent. 1 We measure population density in this study Malawi is an ideal case study because it is a densely populated country with an estimated 15 million people, whereby 85% of the population lives in rural areas and derives its livelihood from agriculture. There is a substantial regional variation in population density, with the majority of the population concentrated in the central and southern regions, while the north remains sparsely populated. It is estimated that Malawi's population will reach 20.8 million by 2020 (NSO, 2008) . As Malawi has little room for expanding area under cultivation, agricultural production must intensify in order to produce enough food for the growing population. 3, 4 In this study we empirically test Boserup's (1965) hypothesis that increasing population density leads to increased input use per unit of land, and increased production per unit of land as farmers move successively from long fallow to short fallow, to annual cropping, and finally to multiple cropping cycles per year. The related induced innovation hypothesis predicts that as population grows, farmers will substitute away from labor saving practices like slash and burn agriculture and long follow, and adopt labor and capital intensive practices such as inorganic fertilizer and hybrid seed which maximize output per unit of land (Hayami and Ruttan, 1971) .
Critically, this article also tests whether or not there is a population density threshold beyond which the Boserupian and induced innovation hypotheses do not apply, as farmers are no longer able to intensify production through using modern inputs. Intensification will not proceed beyond the point at which its marginal cost exceeds the marginal returns. Even in high density areas, marginal returns to purchased inputs may be insufficient to rationalize their use. This may be especially true in high-density areas of longstanding continuous cultivation where soil degradation (particularly diminished soil organic matter) may have given rise to poor responsiveness to inorganic fertilizer applications (Drechsel et al., 2001) . Given limited access to technology and capital faced by many smallholders, such limits may be further accentuated by high fixed costs of new technology discovery and adoption. Inability to intensify will lead to lower incomes, assets and lack of credit availability, which makes it difficult for farmers to purchase modern inputs and increase yields and farm output. The existence of thresholds raises the question of whether or not structural transformation in Africa may decelerate, or break down altogether, as rural densities approach critical levels.
In this study we hypothesize that population density affects agricultural intensification and household well-being through both direct and indirect channels. The direct effects come through supply and demand forces such as increased information flow, development of markets and institutions, and reductions in transaction costs that may occur as a result of increased population density. McMillan et al. (2011) show that communities with high population density in Burkina Faso have more developed formal and informal institutions than areas of low population density. Pender (1998) introduces a neo-classical growth model to the issue of population density, and finds that increasing population leads to the development of markets, and institutions, along with the substitution of natural capital for man-made capital.
The indirect channels through which population density affects agriculture and household well-being come from its effect on landholding, agricultural wage rates, and output prices. Landholding, wage rates and prices then in turn directly affect agricultural intensification, and household well-being. Since land markets are very thin and underdeveloped in Malawi and in most of SSA, we would expect to see the impact of population growth reflected in household landholding, rather than through land prices.
5 Ex ante, population growth should lead to smaller farm sizes, as land gets divided over time and as households move from long fallow, to short fallow, to annual cropping, to multiple cropping cycles per year, as hypothesized by Boserup. We would also expect that agricultural wage rates will decline in areas of high population density, as the number of workers increases relative to the amount of land, as predicted by the induced innovation hypothesis. The relationship between declining wage rates and rising population density will certainly depend on the extent to which rural agricultural markets are integrated with local non-farm markets and urban labor markets. In addition, in a closed economy with limited land we would expect to see rising population lead to rising prices for staple crops like maize, as more and more people compete for food. Conversely, in a small open economy higher population density may not affect food prices (other than perhaps in the short run), as food can be brought in from elsewhere to meet demand, other things being equal. Data used to measure the effect of population density on agricultural production and household well-being in this analysis come from three main sources. First, we use three waves of nationally representative household-level panel data collected between 2003 and 2009 by Malawi's National Statistical Office. Second, we use Geographic Information Systems (GIS) data to construct village-level estimates of population density, elevation and agricultural productivity factors in Malawi. Third, we compliment the quantitative data with qualitative information on population growth and its impact on agriculture and livelihoods, from focus group discussions conducted across Malawi during October 2011.
In this study we recognize that population density may be endogenous in our models of agricultural intensification and household well-being. We deal with the potential endogeneity of population density by first including a rich set of explanatory variables that control for household characteristics, market access, and agro-ecological potential. Second we use the correlated random effects estimator (CRE) to control for potential correlation between population density and the unobserved time-constant factors that affect our outcomes of interest. Nevertheless, as with any study using observational data on household behaviour, assuming direct causality from our results must be treated with caution.
Results from our analysis demonstrate that in Malawi areas of high rural population density are associated with a reduction in farm sizes, lower real agricultural wage rates, and higher real 2 We use GRUMP rather than AfriPop data (as used by other case studies in this special issue) because in the case of Malawi, the spatial resolution of the input data is much better for GRUMP. GRUMP uses population data from 9219 Enumeration Areas (about 3 km 2 on average), whereas AfriPop uses input data from just 253 Traditional
Authorities. While the input data for GRUMP are from 1998 and the input data for AfriPop are from 2008, we felt that the benefits of increased spatial resolution of input statistics were greater than having more recent input data. In addition, since the first year of our data was collected in 2003 it makes sense to have population estimated based on an ex ante rather than ex post estimate. In practice, however, this probably matters little, since the 2010 projections vary little between the AfriPop and GRUMP datasets for the villages in our study. 3 For nearly a decade, the Government of Malawi has been implementing the farm input support program (FISP) to mainly boost maize and tobacco production. The presence of a large-scale input subsidy program is an example of an important institutional reform that can impact intensification, and well-being. Fortunately with our data, we are able to control for the input subsidy program's possible effect of the outcomes of interest in this article. 4 Malawi's annual population growth rate is estimated to be 2.9% (World Bank, 2013). maize prices. We also find some evidence that increases in population density encourage farmers to intensify fertilizer use per hectare. However, any input intensification that occurs seems to be going to increasing maize yields, as we find no evidence that increases in population density lead to increases in gross value of crop output per hectare. This could be due to a decline in tobacco prices and/or a shift towards maize for food security purposes and away from other more high-value crops. We also find evidence that households in more densely populated areas increasingly rely on off-farm income as a source of livelihood. However, there appears to be a rural population density threshold beyond which households can no longer increase off-farm income per capita. The rest of this article is organized as follows. The next section presents the background on population, land and agriculture in Malawi. Then the conceptual framework and methods used in the analysis are presented. Subsequent sections present the data, results and conclusions.
Background

Population issues in Malawi
Rural population densities in Malawi vary considerably across different regions of the country. According to estimates using the GRUMP with observations from our dataset, northern Malawi has a median population density of 69 people/km 2 , and contains 13% of the country's population. The central region is estimated to have a median population density of 194 people/km 2 , containing 42% of the nation's population. The densely populated southern region is estimated to have a median population of 258 people/km 2 , and contains 45% of the nation's population (see Table 1 ).
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Land issues in Malawi
In Malawi, it is widely believed that about 30,000 agricultural estate farms cover around 1.2 million ha, while 1.8-2 million smallholder farms cover about 4.5 million ha. The rest of the land is covered by public land, hills, steep slopes, wetland and protected areas (Government of Malawi, 2002; Chirwa, 2008) . Access to land is generally regarded as key for sustainable livelihoods in Malawi. Scholars view land access as a significant determinant of whether a household will be food secure, less vulnerable to risks and shocks, and earn a living above the poverty line (Woodhouse, 2006; Potts, 2006) . Nevertheless, the existing land tenure system and pattern of land use is the result of antecedent customs, human settlement and demographic processes, modified by legal and economic influences of the colonial era, and previous policies on land utilization. As a result, land ownership in Malawi is highly unequal. For instance it is estimated that 70% of smallholder farmers cultivate less than a hectare with a median area under cultivation of 0.6 ha. Smallholders in Malawi devote most of their land to maize cultivation, the country's main staple crop, with tobacco serving as the country's main cash and export crop.
Institutions affecting landholding in Malawi
Most of the laws governing land administration and management in Malawi were formulated while the country was a British Colony between 1891 and 1964. These laws have remained the same apart from minor amendments since independence, and as a result the current land policy in Malawi is very similar to the policy under colonial rule (Gondwe, 2002) . The essence of colonial land policy in Malawi was to appropriate all land to the British sovereign and to facilitate access by the settler community on the basis of private title. The policy also redefined native rights strictly as ''occupation rights'' in order to discourage the establishment of land rights equivalent to freeholds or the concessions claimed by the settlers.
A series of land ordinances and laws since the 1950s have done little to improve the land tenure system in Malawi as it moved from British colony to independent one-party government under Hastings Kamuzu Banda, who ruled Malawi from independence to 1994. Multi-party democratization in the 1990s offered opportunities to address a whole range of inequities and injustices perpetrated by the one party regime, including inequitable land redistribution patterns (Kishindo, 2004; Kanyongolo, 2005) . Although land reform and re-distribution has been identified as needing immediate action, land policy in Malawi has overall failed to address these issues. As a result, land ownership is essentially the same today as it was during the colonial era. For all practical purposes, most smallholder land remains ''customary'' land where allocation rights are granted to farmers by local chiefs. Smallholders have limited ability to hold land in title, not to mention buy, sell or rent land. This lack of land tenure insecurity and immobility undoubtedly contributes high levels of rural poverty in Malawi today.
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Input subsidies in Malawi
Subsidies for in organic fertilizer and seed have existed in one form or another for many years in Malawi. However, after a poor harvest during 2004/05 that was in part affected by drought, the government of Malawi decided to scale up their fertilizer and seed subsidy the following year. Officially the program distributes 100 kg of subsidized fertilizer and between 2 and 4 kg of hybrid maize seed to roughly 50% of the smallholders in Malawi. The fertilizer and seed are distributed via vouchers, where recipient farmers can redeem subsidized fertilizer at government depots for a reduced price (the subsidy has range from a 72% discount to a 92% discount off of the commercial price of fertilizer during the years of the subsidy program).
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The general findings from the recent empirical literature on input subsidies in Malawi are that they have had a statistically significant, but small effect on maize production, and that from a benefit-cost perspective, the programs barely break even.
9 Nevertheless, the scaling-up of input subsidies in Malawi over time represent an important institutional change that needs to be considered in our analysis.
Conceptual framework and methods
This section presents the framework to understand and estimate how population density effects landholding, wage rates, maize prices, agricultural intensification and household wellbeing. Conceptually, we start by modelling a farm household in a nonseparable context that is assumed to maximize utility as a function of on-farm and off-farm activities. The input decisions that a household makes are a function of the household-level and community-level constraints that it faces. For example, its decision to apply in organic fertilizer is affected by household-level factors such as access to credit, labor availability, and how much subsidized fertilizer and seed a household acquires. Degree of market access, and population density are examples of community-level factors that impact fertilizer demand. Population density could have a direct impact on fertilizer demand through its effect on supply and demand for agricultural goods. For example, it is possible that population density affects information flows and transaction costs of market participation. In more densely populated areas it may be easier to find transaction partners, market information, etc., thus causing the costs of input and output market participation to be directly affected by local density.
Given these constraints when considering household utility maximization, the first derivative of utility for household i in community j at time t with respect to output price generates the following output supply equation for maize produced per hectare. This is denoted by Y in the following equation:
where population density and its squared term are defined by D, while a 1 and a 2 represent the corresponding parameters. The significance and magnitude of the coefficientsâ 1 andâ 2 test the hypothesis of how population density and its squared term directly affect maize production per hectare. The squared term in D allows us to test if population density has a non-linear threshold effect, where output starts to decrease after a certain critical level of population density.
Previous season maize price is denoted by P, while b represents the corresponding parameter. Agricultural wage rate is denoted by w, and Ç represents the related parameter. In a standard output supply function, input and output prices are the only factors that influence Y. However, in the context of a non-separable farm household model such as the one presented for Malawi, other factors such as landholding, household demographics, weather and agronomic conditions also impact output supply (see Appendix A for a full list of explanatory variables). Landholding is represented by L in this application, with q as the relevant parameter to be estimated. The other demographic and agronomic variables that serve as controls, such as household assets, household demographics, kilograms of subsidized fertilizer acquired, and rainfall, are represented by the vector X, and d represents the corresponding parameter vector. 10 The unobservable factors that affect Y are represented by e.
The models for estimating the other measures of agricultural intensification and well-being are operationalized in a completely analogous manner as output supply for maize in Eq. (1).
Population density landholding, wage rates and maize prices
We present separate models for household landholding, L, wage rates w, and maize prices, P as functions of the following:
where D again represents population density in level and squared form, and a represents the corresponding parameter. The significance and magnitude of the coefficientsâ tests the hypothesis of how population density and its squared term affect landholding size, wage rates, or maize prices in their respective models. A vector of time-varying household-level factors, such as value of assets, demographics, and agronomic conditions are again denoted by X, while d represents the corresponding parameter vector. The error term in Eq. (2) is represented by l.
As population grows, one would expect land to be divided into smaller and smaller plots as it is passed down from parents to children. Therefore, ex ante it would seem thatâ 1 should have a negative sign in the landholding specification. At the same time, the induced innovation theory implies that as population grows, land becomes scarce relative to labor ceteris paribus. As a result we might expectâ 1 to also have a negative sign in the wage rate model.
As mentioned in the introduction, in a closed economy rising population could lead to rising prices for maize. Conversely, in a small open economy higher population density will not affect food prices (other than perhaps in the short run), as food can be brought in from elsewhere to meet demand. The recent literature on market integration and price transmission in southern Africa is generally consistent in finding that markets are reasonably wellintegrated, and are becoming more so over time (Rashid, 2004; Awudu, 2007; van Campenhout, 2008; Myers and Jayne, 2012) . However, there are areas where markets are not fully integrated and local supply and demand factors may matter. Also, in Malawi maize often moves from the sparsely populated and surplus producing north to the high population density and deficit producing south.
11 Therefore, we might expectâ 1 to be positive in the maize price model, however the magnitude of the effect of population density on maize prices will in part depend on the degree of spatial market integration in Malawi.
Estimating the indirect effects of population density
We hypothesize that population density has both a direct and indirect effect on household-level intensification, and well-being. The indirect effect of population density on these indicators comes from population densities direct influence on landholding, agricultural wage rates, and maize prices. Landholding, wage rates, and prices then in turn affect agricultural intensification, and household well-being. Therefore, if we want to estimate the impact of population density D on maize output per hectare, Y in Eq. (1), consider the equation for Y as,
10 It is possible that the quantity of subsidized fertilizer and/or subsidized seed acquired by the households may be endogenous in our models, because the variable could be correlated with unobservable factors like ability and motivation that affect the outcomes of interest in our study. Several recent studies have addressed this issue (see Ricker-Gilbert et al., 2011; Mason and Ricker-Gilbert, 2013) . In the present study we use the correlated random effects estimator (discussed in the next section), which controls for the endogeneity of subsidized fertilizer acquisition to the extent that it is correlated with time-constant unobservable factors, such as farmer ability and motivation. We do not give extensive treatment to this issue in this paper because the subsidy is not the focus of this study, and we include the input subsidy in our models to act as a control for institutional factors that have changed over time in Malawi.
Combining population density and its squared term in D create the equation for the total derivation for Y with respect to D as:
The resulting derivative is the Average Total Partial Effect (ATPE). The ATPE tells us the combined direct and indirect effect that population density and its square term have on the measures of agricultural intensification and household well-being. The coefficient estimateâ provides the direct effect of population density on Y, while the sum of the remaining three terms estimates the indirect effect of population density on Y through its direct effect on landholding, agricultural wage rates, and maize prices. The ATPE of population density on the other measures of intensification and well-being are derived in an analogous manner.
Empirical estimation: dealing with potential endogeneity of population density
We deal with the potential endogeneity of population density using a correlated random effects estimator (CRE) to control for possible correlation between observed covariates, in particular population density D, and the unobserved time-constant factors that affect the dependent variables in the analysis. These factors are unobservable to us as researchers but could include farmer motivation, risk aversion, and ability. To control for this possible relationship we disaggregate the error term in Eq. (1) into two components:
where b i denotes the unobserved time-constant heterogeneity and f it represents the unobserved time-varying shocks. The CRE estimator operates under the assumption that the unobserved heterogeneity takes on the form of b ij ¼ u ij þ X ij n þ r ijt and that r ijt jX ij $ Normalð0; r 2 Þ; where X ij is the household time average of X ijt of all time-varying covariates in Eqs. (1) and (2). To operationalize the CRE estimator + X ij needs to be included as a covariate in all equations. When implemented as a linear model the CRE estimator controls for unobserved heterogeneity, and produces coefficient estimates that are identical to those generated by household-level fixed effects (Wooldridge, 2010 ). An added benefit of the CRE estimator over fixed effects is that the CRE does not remove time-constant covariates from the models. This benefit is very important because we are interested in understanding the long-run effect of population density, which is treated as fixed over time in this application.
The fact that the CRE allows us to keep time-constant covariates in our model matters because the time frame in which we are examining the impacts is relatively short, between 2003 and 2009, so the variation in population density will mainly occur spatially between one community and another. It is also difficult to accurately measure spatial changes in population density over such a short time period. Fortunately, our dataset provides ample spatial variation because 99 enumeration areas were surveyed in each of the three waves of data collection. The CRE estimator allows us to keep population density in our model even though it is treated as time-constant, whereas a fixed-effects or firstdifference estimator will drop population density and other time-constant factors from the model.
In addition, we maintain that the time-varying unobservable shocks, f ijt , that affect agricultural intensification and household well-being are uncorrelated with population density. After conditioning on household factors, and community factors, and, using the CRE, population density should be conditionally exogenous in our models of agricultural production and household well-being.
Even with this consideration in mind, the relationships in this study should be looked at as correlations more than as causal effects.
Estimation procedure Seemingly Unrelated Regression (SUR)
The estimation procedure used in this study takes place as follows: The models in Eqs. (1) and (2) are estimated as a linear system using Seemingly Unrelated Regression (SUR) with CRE. The benefits of using SUR is that it allows us to account for the fact that these equations are likely determined jointly, causing the errors in each equation to be correlated with one another. Therefore, SUR provides an efficiency gain over CRE equation by equation, because it explicitly controls for cross-equation error correlation. We present results using CRE SUR estimation rather that CRE equationby-equation, because the coefficients are virtually the same and the SUR estimation is more efficient.
Data
Data used in this article come from three main sources. First we use nationally representative household-level data on smallholder farmers in Malawi. Second, GIS data is used to construct the population density and arable land variables used in the analysis. Third, we use qualitative data from focus group discussions conducted throughout Malawi during October 2011.
Panel survey data
Household-level data used in this study come from three sur- The third wave of data comes from the 2008/09 Agricultural Inputs Support Survey II (AISS2) conducted during the 2008/09 growing season. The AISS2 survey had a subsequently smaller budget than the AISS1 survey in 2006/07, so of the 2968 households first sampled in IHS2 and again in AISS1, 1642 of them lived in enumeration areas that were revisited in AISS2. Of the 1642 households in revisited areas, 1375 were found for re-interview in AISS2, which gives an attrition rate of 16.3% between AISS1 and AISS2. For this analysis we use the 1375 households who were interviewed in all three waves of data, which results in 4125 observations in total. In this study, potential attrition bias is controlled to the extent that (i) attrition is correlated with the observed covariates; and (ii) the CRE is used to control for time-constant unobserved factors that affect both the outcomes of interest and household attrition across survey waves.
Geospatial data for constructing population density and agroecological variables GIS data on rural population densities are derived from the Global Rural-Urban Mapping Project database (GRUMP) (Balk and Yetman, 2004) . The GRUMP dataset represents a significant improvement over coarser estimates of population density often used in econometric work (e.g. tables of regional population density estimates), for two reasons. First, GRUMP uses the most localized unit of geographic record which is the enumeration area (EA), and there are 9219 EA's in Malawi. Second, the urban and rural components of population distributions have been disaggregated on the basis of statistical data as well as satellite-derived information on the distribution of urban centers (Balk and Yetman, 2004) . This allows us to specifically account for rural population density, rather than total population density, which is much less relevant to our research question. The population density estimates are constructed as people per square kilometer of total land.
12
In addition, we use a number of other geographical controls derived from spatial datasets. Locally interpolated time-series data on rainfall come from the University of East Anglia's Climate Research unit (CRU)-TS 3.1 Climate Database (CRU, 2011; Mitchell and Jones, 2005) . Data on historical rural population come from the HYDE dataset (Goldewijk et al., 2011) . Net Primary Productivity (NPP) data come from the University of Montana (Zhao et al., 2005) . 13 Elevation data are obtained from NASA's SRTM data (Rodriguez et al., 2005) .
Focus group discussions
Apart from the use of secondary data in this study, the researchers carried out Focus Group Discussions (FGDs) with a number of communities to get an insight into their land and population issues. Seven areas were visited with three in the southern part of the country, two in the central and the other two in the north of the country. One site that was visited in the southern part of the country was the community that benefited from the Land Reform Program commonly called ''Kudzigulira Malo.'' These areas visited include Chatheka Extension Planning Area (EPA) in Nkhata Bay, Mhuju EPA in Rumphi, Mkanda EPA in Mchinji, Lobi EPA in Dedza, Ntimbawe Trust in Machinga, Kwisimba Ilage village of Maiwa EPA in Mangochi, Chibwana and Ngongoliwa villages in Thyolo.
Fertilizer prices
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Fertilizer prices used in the study are calculated as Malawian Kwacha per kilogram of commercial fertilizer from the household survey data. The price is an average of Urea and Nitrogen/Phosphorus/Potassium (NPK) prices, which are the main fertilizers used in Maize cultivation in Malawi. These prices are based on what respondents in the survey say they paid for commercial fertilizer at private retailers during the planting season, which occurs from October to December in Malawi. For those buying commercially we use the observed price that they paid, while for those who did not buy commercially we use the district median price to proxy for the price that the farmer faces for the input.
Labor wage rates
Wage rates for labor hired by households on their plot are calculated as Malawian Kwacha per day of labor. In the survey we only have wage rates for hired in labor and have no way to value family labor other than to include a variable for the number of adult equivalents in the household as a proxy for the number of people that are potentially able to work, in the model. For those who hire in labor, we use the price that they pay, while for those who do not hire in labor, we use the district median price to proxy for the price that the farmer faces for the input.
Maize prices
Data for the maize price variable used in this study come from district-level data on maize retail sales, collected by the Malawian Ministry of Agriculture.
Landholding and area cultivated
Landholding is constructed using the household survey data based on the amount of land that farmers say that they have the right to cultivate. It is computed as the sum of crop land, fallow land, virgin land, orchards, and land rented out, but excludes land rented in. Landholding is used as a dependent variable in Eq. (2), and as a right hand side variable in the intensification and wellbeing models.
We construct area cultivated as the amount of land that a household cultivates for rainy season crop production during the corresponding year. This calculation includes land rented in but not land rented out. Area cultivated is used as the denominator for the dependent variables for the intensification measures.
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The use of farmer recall data to calculate landholding and area cultivated likely creates measurement error as farmers often do not know the exact size of their plots. However, in the case where measurement error is part of the dependent variable (e.g.: when landholding is the dependent variable in Eq. (2)), or when area cultivated is in the denominator of the dependent variable in Eq. (1)) we can still obtain consistent results if the measurement error in area cultivated has a zero mean and is uncorrelated with right hand side (RHS) variables. Even if the measurement error does not have zero mean, the bias caused by it will be picked up by the intercept term (Wooldridge, 2010) . In addition, if the classic error in variables assumption holds, meaning that we assume measurement error in landholding is uncorrelated with actual landholding, then there may be attenuation bias in the models where landholding is a RHS variable. In this situation the coefficient estimates on landholding should be regarded as lower bound estimates.
Gross value of crop output
This measure of intensification is measured as the gross value of what a household produces during the rainy season per hectare cultivated. The crop is valued at harvest time (May-July in Malawi). To construct this variable, we multiply the quantity produced by the median price in the community for that crop at harvest time and divide by area cultivated. 12 We chose total land as our denominator for population density, because this definition of land is subject to the lowest amount of interpolation, and the estimates of population density are similar to readers' expectations (see Table 1 ). We also, ran the models where population density is estimated as people per square km of arable land, which includes currently cultivated land plus potentially cultivatable land, according to the GRUMP data. The results using the arable land definition are generally similar to our base specification, but the coefficient magnitudes are a bit different, and fewer coefficients are statistically significant using the arable land definition. When population is divided by arable land the population density estimates increase substantially, (mean = 429 people/km 2 of arable land, and some rural population density estimates over 2100 people/km 2 ), which is unrealistic. Results using this alternative definition of population density are available from the authors upon request. 13 Net primary productivity is a measure of the rate at which chemical energy is stored as biomass in a given period. It is a useful proxy for agricultural production potential in a particular area. In the dataset we use in this analysis, NPP is measured as the mass in grams of carbon per square meter per year. 14 All prices are in real 2009 Malawi Kwacha terms. US $1.00 % 150 Malawi Kwacha during survey periods. 15 Note that the correlation between landholding and area cultivated is 0.79 in our dataset. Median landholding and area cultivated are both 0.81 ha, while mean landholding is 1.07 ha, and mean area cultivated is 0.98 ha. NSO 2011 estimates that during the 2009/10 growing season, the average area cultivated per rural household in Malawi was 1.5 ha when estimated by GPS.
Controlling for family labor
Family labor is not reported directly at the plot level in the survey. This is potentially an issue because family labor is likely the largest source of labor for many rural households in Malawi. However, we know how many family members are in the household and their age, so the best we can do is include a measure for adult equivalents to proxy for potential available labor in the household. Adult equivalents is also useful because it proxies for caloric and nutritional requirements of the household. The calculation for adult equivalents is explained in Footnote 1.
Results
Descriptive results
Figs. 1-6 show non-parametric lowess smoothing estimates of the relationship between population density on the X-axis and some of the key dependent variables used in this analysis on the Y-axis. These relationships are bi-variate and unconditional, and as such should be regarded as providing useful descriptive information, but they are not ceteris paribus effects. For context, the dotted lines show the 25th, 50th, 75th, and 99th percentile of the population density distribution in our sample. Fig. 1 presents the relationship between rural population density and household landholding. The figure shows that landholding sizes decline with rising densities up to about 380 people/km 2 , which is the 95th percentile of the population density distribution. Fig. 1 points to land being an increasingly constrained factor of production in smallholder agriculture in the high-density areas of Malawi. The general results of the graph are consistent with our focus group discussions, which highlight the issue that in many areas particularly in southern Malawi land cannot be expanded. This exacerbates poverty levels and food insecurity in areas of high population density. The focus group discussions also revealed that in some areas farmers are able to rent land, however there is virtually no market for buying or selling land. Lack of a functioning land market exacerbates the problem related to small farm sizes in densely populated areas. Fig. 2 shows the relationship between population density and real agricultural wage rates. According to the figure wage rates decline as population density increases up to a population density of about 400 people/km 2 , which is about the 96th percentile of the population density distribution, at which point wages shoot upward. This could be the result of urbanization driving up wages, and further disaggregation reveals some interesting findings. The central region has the highest jump in wage rates at high population density, and 78% of the high wage earners who make more than 300 kwacha/day are located in the densely populated Lilongwe district or the Kasungu district. In the North, 77% of the high wages are in the less densely populated Karonga and Chitipa districts, which is what we would expect. The densely populated south has no clear bi-variate pattern between wage rates and population density. Overall, the relationship between population density and agricultural wage rates is what we might expect, as population / square km of arable land low density areas have large land holdings but few adults per hectare, and therefore higher wages are needed to attract labor. Fig. 3 presents the relationship between population density and real retail-level maize prices during the harvest season, which runs from May through July in Malawi. This bivariate figure suggests that maize prices rise substantially as population grows, up to nearly the 75th percentile of population density, when it flattens out. The price of maize fluctuates by about 21% at 24 kwacha/kg in low density areas to 29 kwacha/kg in high density areas. These results may be driven by maize moving from the sparsely populated and surplus producing north to the high population density and deficit producing south. Moving maize across the country involves price mark-ups which can help explain higher prices in areas of higher population density.
As land becomes scarce, one might expect farmers to increase input intensification in order to improve production per hectare. In the Malawian context this effect is also influenced by the input subsidy program. Fig. 4 shows household subsidized fertilizer use per hectare by population density. The figure indicates that after the 50th percentile, subsidized fertilizer acquisition rises with population density. This finding provides some prima facia evidence that the subsidy program may help farmers in highly density areas intensify production, or at least maintain some base level of productivity as landholdings shrink and soils degrade. Focus group respondents in high population density areas complained of degraded and infertile soil, caused by continuous cropping. In fact, Malawi has extremely high soil erosion rates and severe nutrient mining, due to its geography independent of population density (Drechsel et al., 2001) . Fig. 4 can be compared with Fig. 5 showing commercial fertilizer use per hectare, by population density. The figure indicates that households increase commercial fertilizer purchase from about the 25th percentile to about the 95th percentile, before decreasing drastically at very high levels of population density. This turning point may exist because farmers in these areas likely have small landholding, meaning that they likely lack the assets or collateral to acquire credit for purchasing inputs. However, Fig. 5 is generally consistent with the idea of population density driving intensification through acquisition of purchased inputs. Fig. 6 demonstrates that as population density increases, gross value of crop output per hectare cultivated is flat at low level of population density and then increases. This provides some evidence that households may intensify production or switch to higher valued crops in areas of high population density. This upward trend is also consistent with higher maize prices in areas of high population density. Fig. 7 shows that the value of off-farm income per adult equivalent appears to be higher in areas of high population density. This could be because households in high density areas have surplus labor, which they hire out. The finding also relates to migration issues, which was one of the other key points that came out of the focus group discussion. As mentioned, the northern region of Malawi has significantly more available land than the central and southern regions of the country. However, there is very little internal migration from the central and south to the north. Our focus group discussion revealed that migration is limited because (1) many Malawian smallholders lack the resources required for migration to distant areas; (2) public health and education services are poor in the north, which discourages in-migration; (3) road infrastructure and market access for commodities is very weak in the north, which also discourages in-migration; (4) cultural differences between people in northern and southern Malawi are a barrier to in-migration from other regions. These differences make it hard for someone from the south to move to northern Malawi and obtain land to farm. Fig. 8 shows the bivariate relationship between total household income per adult equivalent and population density. The figure demonstrates a nearly linear increase in total household income per adult equivalent as population density rises. Since the graph in Fig. 8 is similar to the graph in Fig. 7 showing the relationship between off-farm income per adult equivalent and population density, these two graphs together may provide some prima facia evidence that gains in total household income in areas of higher population density are driven by off-farm employment. However, the trend in Fig. 8 continues upward at high levels of population density while the trend line in Fig. 7 flattens out. Therefore, some gains to household income in areas of high population density could also be coming from on-farm activities. This would be consistent with Fig. 6 , which shows that gross value of crop output per hectare increases at high levels of population density. Evidence that off-farm activities are more prevalent and total household income per adult equivalent is higher in areas of high density raises the question of whether or not people in densely populated rural areas are being ''pushed'' into off-farm work because farms are too small for agriculture to be viable. Conversely, are people being ''pulled'' into off-farm work by new opportunities that may arise from reduced transactions costs and market development occurring in areas of higher population density (Haggblade et al., 2009) ? Fig. 9 suggests that unfortunately people in densely populated areas of Malawi are engaged in off-farm activities that offer little opportunity for economic advancement. The figure shows the share of income in 2008/09 generated by household activities other than cultivating crops during the rainy season. It demonstrates that 44% of households' other income comes from employment, primarily through working as piece-meal agricultural labor, known as ganyu in Malawi. Another 20% of non-rainy season crop income comes from household enterprises. On the surface this sounds promising but deeper analysis of the data reveals that many of these enterprises are low skill endeavours such as petty trading, selling firewood, and fishing. Some of these activities such as selling firewood may provide short term profits, and allow households to survive from season to season, they provide little opportunities for households to sustainable improve their situation in the long run. Gifts from others also make up another 8% of non-rainy season crop income, while social safety net programs comprise 6%.
The type of activities that seem to hold more promise for economic advancement make up a relatively small share of household income. Dry season and tree cultivation make up 9%, livestock sales make up 7%, and livestock product sales make up 1%. Other income sources which comprise rental income, investments, and remittance income make up 5%. While these numbers provide insight into a worrying situation for household activities outside of rainy season crop cultivation, they also provide information about opportunities for government to intervene with programs that can enhance dry season cultivation and animal agriculture in order to improve household income and well-being.
Estimation results
The following sub-sections present the results for factors affecting landholding, wage rates, maize prices, agricultural intensification, and household well-being. As mentioned in the methodology section, these models are estimated by correlated random effects (CRE) Seemingly Unrelated Regression (SUR).
Determinants of landholding size
Column 1 of Table 2 allows us to test the hypothesis of how population density affects household landholding measured in hectares. The results shown in column 1 indicate that the joint direct effect of population density and population density squared on landholding is statistically significant (p-value = 0.00). The coefficient estimate shows that a 100 person increase in people per square kilometer is associated with a reduction in landholding of 0.12 ha on average. This is a fairly meaningful finding in Malawi because farm sizes are very small, with a mean landholding of 1.2 ha. Therefore, a 100 person increase in population density reduces mean farm size by about 10%. Considering the fact that land is regarded as the key input for poverty reduction and food security (Woodhouse, 2006; Potts, 2006) , 16 the decline in farm size associated with landholding points to a troubling picture. Focus group respondents in densely populated areas reiterated their desperation caused by shrinking farm sizes. The respondents who were part of Malawi's voluntary land reform program indicated that the main reason for moving was to acquire more land. In fact, recent empirical evidence suggests that these voluntary land redistribution programs help participants increase food production (Mueller et al., forthcoming) . These findings highlight the need for the government to make it easier for households to buy, sell, and rent land.
Determinates of wage rates
Column 2 of Table 2 presents determinates of real daily agricultural wage rates. Wage rates are estimated in log form so the coefficients should be interpreted as semi-elasticities. Column 2 demonstrates that population density and its squared term have a statistically significant effect on agricultural wage rates. The p-value on population density is (0.01), and on its square term 16 The coefficient on population density is negative and the squared term is positive and close to being statistically significant, which initially may indicate that as population density increases landholding declines up to a certain point and then the effect levels out. However the turning point on the squared term in column 1 of Table 2 indicates that the negative relationship does not change until population density reaches 533 people/km 2 , which is at the 99th percentile of the population density distribution, so the turning point likely has little real meaning. the p-value is (0.00). The joint direct effect of population density and its square, near the bottom of column 2 is marginally statistically significant. The coefficient indicates that a 10 person increase in population density is associated with a 0.2% increase in average agricultural wage rates. This effect is relatively modest on average, but the individual coefficients tell a more interesting story. They indicate that agricultural wages rise as population increases up to a density of 257 people/km 2 , after which wages start to decline. The turning point occurs near the 70th percentile of the population density distribution, and the concave relationship may indicate that wage rates get bid up at low levels of population density as labor is a relatively scarce resource. Once a certain level of population density is reached however, wage rates decline as labor becomes cheap relative to land. The concave relationship between population density and wage rates found in column 2 of Table 2 is essentially the opposite finding from the concave relationship found in Fig. 2 . The reason for this difference could be due to the fact that the regression results in Table 2 control for supply side factors such as distance to market and paved roads which likely affect how easy it is for agricultural workers to find jobs.
Determinates of maize price
Column 3 of Table 2 presents the factors affecting the log of retail maize prices. Just as with wage rates the coefficients should be interpreted as semi-elasticities. Results from the joint direct effect of population density and its square term, near the bottom of column 3, indicate that a 10 person increase in population density increases retail maize prices by 0.2% on average (p-value = 0.00). The effect of population density is fairly modest, but any increase in food price has a significant impact on poor households in Malawi who are generally net consumers of maize and are often forced to buy maize at market to make up for their own-farm production shortfalls (Dorward, 2006; Alwang and Siegel, 1999) . The regression results are consistent with the bivariate relationships in Fig. 3 , and as mentioned earlier this relationship may be driven by maize moving from the sparsely populated and surplus producing north to the high population density and deficit producing south.
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Determinates of household-level intensification Column 1 of Table 3 presents the determinants of demand for inorganic fertilizer, measured as kilograms purchased by the household per hectare. The results from column 1 show that population density and its square term each have individually statistically significant direct effects on fertilizer demand. However, row I near the bottom of column 1 shows that the joint direct effects of population density and population density squared are not statistically significant. This finding indicates that the direct supply and demand effects of population density, through improved information flow, market development, and transaction cost reductions are not associated with an increase in fertilizer demand in Malawi. Row II of column 1 shows that the indirect effects of population density on fertilizer demand per hectare which operate through its effect on landholding, wage rates and maize prices are statistically significant and positive (p-value = 0.02). The coefficient indicates that an increase in population density of 10 people/km 2 is associated with an increase in fertilizer demand of 0.15 kg/ha on average. This finding provides some evidence that the indirect pathways of population density have a small positive effect on fertilizer demand. For example, it could be that the indirect effects of declining farm sizes caused by rising population density force households to intensify fertilizer use in an attempt to improve maize cultivation for food Notes: p-values in parentheses; model includes time averages of time-varying covariates, year dummies, district dummies, and a constant. *** The corresponding coefficients are statistically significant at the 1% level. ** The corresponding coefficients are statistically significant at the 5% level. * The corresponding coefficients are statistically significant at the 10% level. a Time-constant factor that does not vary over time, and only changes spatially.
security. The total effect in row III of column 1 shows that the combined direct and indirect effect of population density on fertilizer demand is positive but not statistically significant. Column 1 also demonstrates that households with more assets and access to credit in their village purchase more fertilizer. Households with more land demand less fertilizer per hectare, which likely indicates that they farm less intensively than households who farm smaller landholdings. Column 1 also shows that an extra kilogram of subsidized fertilizer increases total fertilizer use per hectare by 0.50 kg on average. This effect is statistically significant (p-value = 0.00), but relatively small in magnitude. It is consistent with other studies in Malawi that have found evidence of subsidized fertilizer crowding out commercial fertilizer (Ricker-Gilbert et al., 2011; Jayne et al., 2013) . The presence of a farm credit organization in the village leads to higher fertilizer use, by likely reducing households' credit constraints.
Column 2 of Table 3 presents the factors affecting maize yield. Population density and its squared term each have statistically significant individual effects on maize yield. However, row 1 at the bottom of column 3 shows that the joint direct effects of population density and its squared term are not statistically significant, indicating that supply and demand effects such as increased information and reduced transactions costs are not driving increases in maize yield. Conversely, row II shows that the indirect effects of population density are statistically significant (p-value = 0.04). The coefficient indicates that a 10 person increase in population density is associated with households producing about 0.92 kg more maize per hectare, on average. Since the average maize yield in our data is 808 kg/ha, this effect is relatively small. However, the statistical significance of the indirect effect may signal that households are trying to intensify maize production on a per hectare basis due to shrinking landholdings, and possibly rising maize prices that are a result of increased population density. This finding is consistent with the statistical significance of positive indirect effects of population density on fertilizer demand. The total effect of population density in row III is not statistically significant, likely due to the fact that the direct effects are not statistically significant. Results from column 3 also show that those households who have more assets are able to generate higher yields, which may help wealthier households offset the negative effects of population density. Column 2 also shows that an additional kilogram of subsidized fertilizer raises maize production by 1.84 kg on average (p-value = 0.00). This effect is positive, and may provide evidence that subsidized fertilizer helps farmers intensify maize output in the face of rising population density and declining farm size. The magnitude of the effect is relatively small, which is consistent with the recent literature on the topic (Lunduka et al., forthcoming) . Agroecological variables also seem to play a role in determining maize yields. Areas with more rainfall during the growing season obtain higher yields, which is not surprising. Higher elevation areas also have higher yields. In addition, households further from paved roads get lower maize yields, which speaks to the importance of market access. Having a farm credit organization in the village leads to higher yields, likely because it facilitates access to modern inputs.
Column 3 of Table 3 presents factors affecting real gross value of crop output per hectare. This measure provides an estimate of the value of household-level intensification across all crops grown by the household. The results from column 3 indicate that population density does not have a statistically significant direct, indirect or total effect on crop revenue. This may mean that households are not able to switch to higher value crops as population density increases, possibly due to lack of transport and perishability of higher value fruit and vegetables. It could also have to do with the fact that tobacco prices have been low in recent years. Since tobacco is the main cash crop for smallholders in Malawi, low tobacco prices will reduce the value of crop output.
The findings from both columns 2 and 3 of Table 3 provides some evidence that households may focus on maize production as population density rises. Since land available for cultivation is fixed in many high density areas, maize could be crowding out production of other crops. A recent study in Malawi suggests that the input subsidy program may be promoting maize production, which is its goal, at the expense of other crops (Chibwana et al., 2011) . The idea that farmer in high density areas may be using the subsidy to produce maize, possibly at the cost of reducing production of other crops is supported by Fig. 4 which shows that households in areas of high density have been acquiring more subsidized fertilizer on a per hectare basis than households in other areas. Households may be emphasizing maize production to ensure their food security, but this could have negative effects on household income and nutrition, if production of other crops are being ignored. It is surprising to note that in column 3 households experiencing a recent adult death have much higher value of crop output per hectare than others. It could be that these households are older, more established and have more land, assets, and income.
Determinates of household well-being
Column 1 of Table 4 presents the factors affecting household off-farm income per adult equivalent. Results show that population density and population density squared each have individually statistically significant direct effects on off-farm income per capita. Row I at the bottom of column 2 also shows that population density and population density squared have a statistically significant joint direct effect on off-farm income per capita (p-value = 0.00). The coefficient means that a 10 person increase in population density raises off-farm income by 197 kwacha (roughly US $1.31) on average. Since a 100 person increase in population density is associated with a US $13.10 increase in off-farm income per person the effect while not huge, is fairly meaningful in economic magnitude. It is important to note that the turning point in this relationship occurs at 295 people/km 2 , which is about the 85th percentile in the population density distribution. The indirect effect is not statistically significant, but the total effect largely results from the direct effects of population density on off-farm income. The findings from column 2 provide evidence that households in areas of higher population density are turning towards off-farm income to earn a living. This finding is consistent with the descriptive analysis in Fig. 6 that shows rising off-farm income per adult equivalent as population density increases. The fact that most of the increases in off-farm income come from the direct effects, which are likely the result of market and institutional development may be an encouraging sign. However, the quadratic relationship indicates that above the 85th percentile of the population distribution, the increases in off-farm income per capita from population density reverse and begin to decline. This could mean that direct effects such as market development may not be large enough for households in very high density areas to increase per capita off-farm income. In addition, recall from Fig. 8 that much of the off-farm income for rural households in Malawi comes from menial jobs such as piece-meal agricultural labor, petty trading, and social safety nets.
Column 2 of Table 4 shows the factors influencing total household income per adult equivalent. Results from this column demonstrate that population density and its square term each have individually statistically significant impacts on total household income per capita. The joint direct effect in row I is also significant (p-value = 0.00) and indicates that a 10 person increase in population density raises total household income by 220 Malawi kwacha (roughly US $1.47) on average. This finding has reasonable economic meaning for smallholders, many of whom live on little more than US $1.00 per day. The turning point in this relationship occurs at 350 people/km 2 , which is about the 92nd percentile of the population density distribution.
The findings about total household income are similar to the finding on off-farm income in column 1 in Table 4 . Our results show that there is some positive impact on household income from population density, but those gains come from off-farm income rather than from intensification in agricultural production. There could be some ''pull'' factors at play because there may be more off-farm jobs available in areas of high population density through market and institutional development. Conversely, there could be some ''push'' factors occurring because as population density increases, farm sizes shrink, and agriculture becomes less viable forcing households to turn towards off-farm work to earn a living. It is also important to note that households where the head has attended school have higher income per capita on average then households with uneducated heads, which speaks to the importance of education in providing opportunities to become better farm managers and/or seek better off-farm opportunities.
Conclusions
The objective of this study is to estimate the impacts of rural population density on agricultural intensification and household well-being in Malawi. High population density and access to arable land are widespread issue in Malawi, and are particularly acute in the central and southern part of the country.
Several important conclusions regarding the relationship between population density, intensification, and well-being emerge from this study. First, higher population densities are associated with smaller landholding. At the average landholding size of 1.2 ha, an increase in population density of 100 people decreases average landholding size by 0.12 ha, which is fairly significant given that farms are very small in Malawi.
Second, higher population density initially leads to higher agricultural wage rates, but this trend reverses at a population density per square kilometer of 257, near the 70th percentile of the population density distribution in our sample. The concave relationship may indicate that wage rates get bid up at low levels of population density as labor is a relatively scarce resource. Once a certain level of population density is reached however, wage rates decline as labor becomes cheap relative to land. This finding is generally consistent with the both the Boserup (1965) and induced innovation hypotheses.
Third, population density is found to put some upward pressure on maize prices in Malawi. A 10 person increase in population density increases retail maize prices by 0.2% on average. This finding provides some evidence that there may be more demand for food in areas of high population density, and that maize may move from low density to high density areas with a mark-up for transport costs.
Fourth, evidence from this study suggests that increased population density has a small positive effect on fertilizer demand per hectare. This effect operates through indirect channels, like smaller landholding that is caused by increased population density. Input intensification seems to be going to maize production, as our results show a slight increase in maize yields from population density that also operates through indirect channels. We find that population density has no statistically significant effect on gross value of crop output per hectare, which could be due to lack of transport and perishability of higher value fruit and vegetables, along with lower prices for tobacco during the recent years of the study, which may have reduced farmers' incentives to plant it.
Fifth, we find that population density has a modest positive effect on total household income per capita, as a 10 person increase in population density raises per capita income by 220 Malawi kwacha (roughly US $1.39) on average. Most of this increase comes from gains off-farm, as the direct effects of population density such as market and institutional development may be providing some opportunities for people to work away from their own farm. However the descriptive analysis in this study indicates that much of the off-farm activities people engage in are relatively menial, such as piece-meal agricultural labor, petty trading, fishing, or selling charcoal, which offer few opportunities for livelihood improvement.
The overall picture that emerges from this study is that increases in population density are associated with reduced farm size, lower agricultural wage rates, and higher maize prices in Malawi. Any input intensification that occurs seems to be going to increasing maize yields, possibly in an attempt to improve household food security, as soils degrade and maize prices increase. Related to this, we find no evidence that increases in population density allow farmers to increase crop revenue per hectare. As a result, households in more densely populated areas increasingly rely on off-farm income to earn a living, but there appears to be a population density threshold beyond which households can no longer increase off-farm income per capita. Households who have relatively large landholdings, many assets, and have been to school appear to be able to increase intensification and well-being regardless of population density. Community-level characteristics and agronomic factors also play an important role in the ability of households to intensify production, and improve well-being. Households in areas with higher rainfall and higher elevation get higher maize yields, as do households that are closer to paved roads. The presence of a farm credit organization is associated with more fertilizer use per hectare, higher yields, off-farm income and total households income. Findings from this study raise questions about the viability of smallholder agriculture in rural areas of high population density in Malawi. The fact that limited resource farmers in densely populated areas seem to be focusing resources on maize cultivation to ensure their own food security is unsustainable given population growth, shrinking farm sizes, and declining soil fertility. We find that the input subsidy program has made a small positive impact on fertilizer intensification, and maize production. However it has not increased gross value of crop output, and may have caused an expansion of maize production at the expense of other crops. Our results highlight the need for policies that facilitate credit access, improve transportation, and develop markets for high valued products, so that farmers in areas of high population density can increase farm income per hectare. However, there are people in areas of high rural population density who have such small landholdings that agriculture may not be a realistic possibility for earning a living. Therefore, policies that allow households to buy and sell land, facilitate migration and help develop the non-farm sector are crucial. Finally we find that households where the head has attended school have higher incomes than other households. This illustrates the need for government to invest in education so that future generations of Malawian can recognize new opportunities both inside and outside of agriculture. 
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